Abstract: Many ski resorts worldwide are going through deteriorating snow cover conditions due to anthropogenic warming trends. As the natural and the artificially supported, i.e., technical, snow reliability of ski resorts diminish, the industry approaches a deadlock. For this reason, impact assessment studies have become vital for understanding vulnerability of ski tourism. This study considers three resorts at one of the rapidly emerging ski destinations, Northeast Turkey, for snow reliability analyses. Initially one global circulation model is dynamically downscaled by using the regional climate model RegCM4.4 for 1971-2000 and 2021-2050 periods along the RCP4.5 greenhouse gas concentration pathway. Next, the projected climate outputs are converted into indicators of natural snow reliability, snowmaking capacity, and wind conditions. The results show an overall decline in the frequencies of naturally snow reliable days and snowmaking capacities between the two periods. Despite the decrease, only the lower altitudes of one ski resort would face the risk of losing natural snow reliability and snowmaking could still compensate for forming the base layer before the critical New Year's week. On the other hand, adverse high wind conditions improve as to reduce the number of lift closure days at all resorts. Overall, this particular region seems to be relatively resilient against climate change.
Introduction
The Intergovernmental Panel on Climate Change projects a global surface temperature rise of 0.3 to 4.8˝C by the end of the 21st century, with respect to the 1986-2005 average [1] , according to different pathways for increases in radiative forcing ranging within 2.6 to 8.5 W/m 2 by the end of the 21st century with respect to the pre-industrial 1850-1900 period [2] . Consequently, glacier losses and snow cover shrinkage are expected to continue [3] . At high-mountain regions, warming and its impacts are amplified even further due to various mechanisms [4] . Thus, ski tourism, as an industry dependent on snowy mountainous terrains, is claimed to be "the most directly and the most immediately affected" tourism type studied in a "methodologically and geographically diverse literature" [5, 6] . tourism development is due to its mountainous terrain that covers 25,000 km 2 above 2000 m.a.s.l. [48] and the dominant humid continental climate [49] . Currently, the region hosts two of the oldest and one of the newest ski resorts of the country. Snowmaking is available only at one of them whilst the other two have also placed it on their investment agendas. Changes to natural snow reliability and snowmaking capacities, as well as high wind conditions, of these three resorts are the foci of our study. Further details that distinguish resort characteristics such as specific location and vertical drop, etc., are not disclosed to maintain the privacy of these cases against any speculations that may arise from the results.
Methods
In this study, we aim at improving previous works [43, [50] [51] [52] [53] where snow reliability of ski resorts has been attempted to be examined through projections based on regional climate model outputs downscaled from various global circulation models (GCMs) for different greenhouse gas concentration pathways. It is thought that employment of dynamical, in addition to statistical, downscaling will portray a more realistic picture of climate change impacts on ski tourism domain, which is uncommon in the literature probably due to time and resource constraints. For the same reasons, we have limited our GCM and pathway selections as well as our timeframe.
The methodology has been comprised of two major parts, where initially the global circulation model, HadGEM2-ES of the Met Office Hadley Centre, has been dynamically downscaled to 10 km by using the regional climate model RegCM4.4 for the 1971-2000 control period and the 2021-2050 future period along the RCP4.5 greenhouse gas concentration pathway. Next, the projected outputs on snow water equivalent, near surface temperature and humidity have been converted into snow depth and wet bulb temperature values as indicators of ultimate natural snow reliability and snowmaking capacity. The maximum wind speed outputs have been treated for the assessment of lift closure days.
In the climate modeling part, we employed the fourth generation of a regional climate model, RegCM4.4, developed by the Abdus Salam International Centre for Theoretical Physics (ICTP) [54] . The RegCM is a regional climate model which was first developed in the late 1980s (RegCM1), and it has evolved to later versions in the 1990s (RegCM2 and 2.5), and the 2000s (RegCM3). The RegCM has been the first limited area model designed to be a public, open source, user friendly and portable code that can be applied to any region of the Earth.
Dickinson et al. [55] and Giorgi [56] originally suggested the idea that limited area models (LAMs) could be applied for regional studies. This idea includes one-way testing, meaning that high resolution Regional Climate Model (RCM) simulations are forced by General Circulation Model (GCM) outputs. Outputs of General Circulation Models provide initial and time-dependent meteorological lateral boundary conditions (LBCs) for regional climate models with no feedback from the RCM to the driving GCM-hence, one way. The dynamical structure of the first generation NCAR RegCM originated from the hydrostatic version of the National Center for Atmospheric Research (NCAR)-Pennsylvania State University (PSU) Mesoscale Model version 4 (MM4) in the late 1980s [55, 57] . MM4 is a compressible, finite difference model with vertical s-coordinates. Later, an addition of the usage of a split-explicit time integration scheme with an algorithm to reduce horizontal diffusion in the presence of steep topographical gradients was made [58, 59] .
Consequently, the dynamical structure of the RegCM is similar to that of the hydrostatic version of Mesoscale Model version 5 (MM5) [60] . The RegCM4 is thus a hydrostatic, compressible, sigma-p vertical coordinate model. In hydrostatic models, vertical acceleration is negligible with respect to vertical pressure gradients and vertical buoyancy forces, a good approximation for synoptic and subsynoptic scales of motion. Therefore, hydrostatic models have been successfully applied with horizontal resolutions as small as about 10 km. RegCM4 runs on an Arakawa B-grid that wind, and thermodynamical variables are horizontally staggered by using a timesplitting explicit integration scheme. In this scheme, the two fastest gravity modes are first apart from the model solution and then they are integrated with smaller time steps. For surface process representation, RegCM includes the sub-grid scaled version of biosphere-atmosphere transfer scheme (BATS) [61] as well as the community land model (CLM), version 3.5, as an option in its dynamical core for land surface processes [62, 63] . Radiative transfer in RegCM4.4 has been modeled by using NCAR Community Climate Model, version CCM3 [64] radiation package. It has been modeled through the solar radiation transfer δ-Eddington [64] approach. The part of the cloud radiation uses three parameters including the amount of cloudiness, cloud liquid water content and effective droplet radius. In the model, planetary boundary layer (PBL) scheme based on the non-local diffusion concept [65] is used. Convective rainfall patterns of the model are calculated by choosing one of the three schemes; modified-Kuo scheme [66, 67] , Grell scheme [68] , and the MIT-Emanuel scheme [69, 70] . This regional climate model system has been effectively applied to several domains, i.e., Europe, Central Asia, East Asia, South Asia, the Mediterranean, Africa, South America, North America, Central America, the Middle East, in various climate change studies [71] [72] [73] [74] [75] [76] [77] [78] for the two decades.
In order to generate the historical and future outputs for the calculations of desired indicators, firstly HadGEM2-ES global climate model was dynamically downscaled to 50 km for the ski resort regions via RegCM4.4. Secondly, the RegCM4.4 was driven at a horizontal grid spacing of 10 km by applying double-nested method to the outputs of 50 km resolution simulations. All of the simulations were employed by using the Grell scheme with the Fritsch-Chappell type closure [79] and BATS1E parametrizations which represent the domain successfully. In this step of the modelling, the first run outputs, with 50 km resolutions, were employed as a forcing data to RegCM4.4. In other words, in order to represent the ski areas' climate more accurately, the RegCM4.4 was once again run with the previous model outputs, and thus all the regions were dynamically downscaled to 10 km resolution. The mid-range, RCP4.5, greenhouse gas concentration scenario outputs of the global model were used for future model forecasts to display a relatively optimistic pathway that stabilizes radiative forcing at 4.5 W/m 2 throughout the 21st century.
The double nested downscaling of the GCM HadGEM2 by RegCM4.4 has provided us with daily outputs on snow water equivalent (SWE), maximum wind speed (SFCWINDMAX) and the three hourly outputs on near surface temperature (TAS) and near surface relative humidity (HURS) for the 1971-2000 reference period and the 2021-2050 period along the RCP4.5 pathway at the reference coordinates of the three ski resorts. The reference coordinates are based on grid corners and midpoints. Before running the simulations, in order to pinpoint the closest base coordinates of the ski resorts, several test runs were conducted by changing the central coordinates of the domain in the model's configuration file in deference to 10 km-spaced grid size. Coordinates that fall within closest proximity to ski area bases were treated for analyses. Ultimately, the model was good enough to resolve the study region, where the topographic outputs deviated only´376,´448, and´35 m from the original altitudes. Most deviations occurred at places with very steep slopes in close distances. Nonetheless, the modelled coordinates were still physiographically representative of the base areas in terms of elevation, differing only 164, 2, and´35 m from the base stations. Moreover, we were able to correct the bias in the projected temperature values by adding the mean difference between historical model projections and observations stored at the Climatic Research Unit (CRU) dataset [80] , by applying the delta-change correction technique, which is regarded as a robust method in correcting means based on observations [81] , to the historical and the future outputs. The biases on the temperature variable were calculated as 2.26, 0.7, and´0.1˝C for the Ski Resorts 1, 2, and 3; respectively.
Since the land-surface processes have been coupled to the RegCM4.4 via the Biosphere-Atmosphere Transfer Scheme [61] , the SWE values for each assigned grid are computed considering numerous parameters such as land type, soil information, net surface heating, soil or snow heat capacity. Basically; snow cover (S cv ), defined in snow water equivalent (SWE), is calculated by taking account of the rates of snow precipitation (P s q, snowmelt (S m ), and sublimation (F q ):
Based on a count of the daily snow depth values, converted from SWE outputs through a reference snow density value of 265 g/cm 3 [82] , we have applied the "100-days rule" of natural snow reliability for days with minimum snow depths of 30, 50, and 70 cm for sufficient (NSR30), good (NSR50), and excellent (NSR70) conditions [18] ; respectively.
Regarding snowmaking capacity, we have utilized the TAS and the HURS outputs in obtaining wet bulb temperatures according to Stull's formula [83] ;
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1{2 s`atan pTAS`HURSq atan pHURS´1.676331q (2) for which an hourly count has provided us with snow production conditions for which the maximum WBT threshold [84] is set at´4˝C for assessment of the total capacity and the quality production is distinguished with a WBT value of´7˝C and below. For assessment of the base layer formation possibility during the critical pre-and early season months of November and December, the quality snowmaking potential is controlled for a desired production of 120 hours in total [85] . As a final step to our analyses, we have made use of the SFCWINDMAX output and checked the days where the top wind speed exceeds 50 km/h (W50+). Such condition provides us with information on the suspension of chairlift and gondola operations with reference to risk limits in common practice.
Results
An average temperature change of +2.15˝C is expected at the reference points of the three ski resorts in Northeast Turkey in the 2021-2050 period, according to the RCP4.5 scenario and with respect to the 1971-2000 normal (Table 1) . Warming during the ski season (NDJFMA) is below the annual average, except for at Ski Resort 2. Within the ski season, much of the warming takes place in the late winter and the later spring, whereas the least warming is projected for December, when the critical snow accumulation and/or production has to be realized before the popular New Year's week. Regarding the changes on the snow cover durations at certain depths, an overall decline is projected for the reference altitudes of the ski resorts towards the end of the first half of the century (Table 2) . Despite the decrease, only one ski resort faces the risk of losing its absolute natural snow reliability based on minimal snow depth requirements (NSR30). Generally, magnitude of the negative change in the frequency of naturally snow reliable days increases as the threshold for snow depth conditions is set higher at 50 and 70 cm. As with natural snow reliability, an overall decline is projected also for snowmaking capacities of the three resorts (Table 3 ). In terms of total snowmaking and quality snowmaking, the declining trend is the strongest at Ski Resort 1. Regarding base layer formation, all resorts lose their capacities by 25% to 30%, whilst Ski Resort 1 falls below the desired 120 production hours limit. Therefore, some natural snow cover formation is essential for this resort to support the base layer formation before the critical New Year's week. However, we should also note that this ski resort has a very high ski area vertical drop, making its sensitivity very relative to the chosen altitude references for assessment. In this study, the reference coordinates were located at the lower half of the ski area, close to the base station. It is likely that the snowmaking capacity would improve further with generally colder air in the higher terrains, except during temperature inversion phenomena. Last but not the least, we looked into the change with the frequency of high winds that could jeopardize aerial cable lift rides and lead to closure of ski areas. Apparently, the number of possible closure days will be reduced by 29% to 50% (Table 4 ). Yet, it should be noted that these results are representative of the lower ski areas and a generalization could be misleading, especially since the strongest winds are likely to occur close to the summits in mountainous areas. 
Discussion
One of the few studies for the wider region of our study domain identified Northeast Turkey, together with the Western Caucasus, as having constantly enjoyed cold early winters suitable for skiing, based on comparative analyses of decades long meteorological observations at the nearest station, as opposed to the troubled sites in the Alps and East Asia [42] . Our results do not conform to a continuation of the discovered past linear trend of decreasing air temperature in December, but confirm that the study domain would be exposed to a minimal warming for the season start. Moreover, a preliminary study [86] at one of the domain resorts has found out that the financial breakeven for the establishments could be as low as 68 days, therefore; flexing down the natural snow reliability threshold of 100 days, as in the case with Australia [32], would imply an even larger resilience. Yet, we should also note that this study was administered in the light of the RCP4.5 scenario, which is rather optimistic, albeit almost divergent until the 2030s, when compared to the RCP8.5 pathway, which is commonly referred to as the "business as usual" scenario [2] .
Besides natural snow reliability, snow production potential is also strong for the resorts of Northeast Turkey, with an early season snowmaking capacity that will fully be available for at least two of the resorts until 2050. However, unlike in many other destinations [37] [38] [39] , snowmaking is still uncommon in Turkey, gaining popularity only recently. One resort of our domain was the first to have purchased a system in 1998, but its initial utilization was only felt necessary in late 2008 due to a delay of skiable natural snowpack for more than a month. Today, the resort is partially equipped with snowmaking, due to fragmented operational ownership, still making it one of the first destinations to start the season at the earliest.
Snowmaking, however, comes along with its costs and consequences [39, [87] [88] [89] . Increasing energy burdens and costs and competition for common water resources, which are expected to get scarcer with climate change, are the top two concerns. In Germany, it is calculated that water consumption would double by 2050 should the ski tourism industry be permitted for snowmaking for climate change adaptation in an open competition environment [90] . In the USA, additional energy consumption by snowmaking was found out to be 31% to 37% during the anomalously warm 1998-1999 and the 2001-2002 seasons [8] . Moreover, any energy supply by fossil fuels means contribution to GHG emissions, thus; global warming. Consumers, on the other hand, have different responses to artificially made snow [91] [92] [93] . In Turkey, a recent study found that preference of tourists for artificially made snow was "low" to "medium", while skiing for professional training did show some positive correlation with higher preference levels [94] . Last but not the least; snowmaking is based on a technology which itself is also limited by climatic factors that require relatively cold and dry weather conditions, making it as another system sensitive to climate change. A study [51] showed that the high quality snowmaking capacity on the current slopes of a major ski resort in Northwest Turkey is to be terminated in the near future. Such developments could lead to a more solid genesis of "winners" and "losers" in the Turkish ski tourism market, as changing snow reliability of the conventional resorts could lead to spatial substitution. This is also true at the international level, as a part of the Alpine market would also continue looking for more snow reliable ski resorts in the future, but, in that case, Northeast Turkey would not be alone and have to compete with other relatively reliable destinations such as the Western Caucasus [42] and Bulgaria [43] .
It should be noted that this study had some limitations in terms of its methodological application and geographical coverage. First of all, model validation and consequent bias correction efforts were only possible for the temperature variable as our referral dataset could not provide any observations for the snow-water equivalent and the relative humidity variables. This drawback could be eliminated in the future with observational inputs from the meteorological stations founded at the ski resort sites a couple of years ago. Study domain, on the other hand, could also be expanded in the future, once the forthcoming non-hydrostatic version of the RegCM provides us with dynamical downscaling at resolutions as high as 1 km, minimizing topographic deviations.
Conclusions
In Turkey, it might be too early to talk about climate change winners and losers in terms of ski tourism supply, as the country is still at the start of utilizing its mountains and developing ski tourism further into international standards. However, those in the high altitude, inner Northeast present a relatively sound resilience. Therefore, they could make use of this advantage for competition against their western counterparts, bearing in mind that competitiveness also requires good facilities, management and accessibility.
Hereby, we have managed to contribute to the previous works by usage of a complex methodology that employs dynamical, instead of just statistical, downscaling. As time and resources permit, different GCMs and pathways could be forced into the RegCM in order to get a more diverse picture of forthcoming impacts. Ultimately, hybridification of the next generation RegCM into the state-of-the-art methods such as agent based models (ABMs) could be utilized for a better understanding of the interactions among climate change and ski tourism supply and demand in a wider domain that extends within and outside Turkey. 
